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TANK V-14 AIR STRIPPING CALCULATIONS AND
PROCESS SIZING

1. PURPOSE

This EDF provides design and modeling information to the re-design efforts of the V-Tank
remediation project. There are some changes from EDF-4956, “Design for VOC Control for the
TSF-09/18 V-Tank Remedial Action,” (Ashworth et al. 2004a). All of the background information and
model development is provided in EDF-4956. In addition, because the V-Tanks have already been
transferred into the consolidation tanks, that work assumed already completed prior to this, is not in
scope.

1.1 Background

See EDF-4956.

1.2 Scope
The overall project scope is to provide a treatment system for removing or minimizing the VOCs
emitted from the T-Tanks during batch air-stripping (sparging). The specific scope of this EDF is to
provide process design input for the treatment system. This process design includes the following:

. Present and use a new characterization set for VOCs provided by others (Tyson 2005)

. Determine appropriate models including concentrations and rates for the implementation of
sequencing operations for the V-Tank remediation off-gas system, i.e., a roadmap

. Evaluate mercury emissions in the off-gas

. Provide an appropriate vacuum, flow, PFD, material and energy balance, and pressure balance in
the off-gas system

. Provide limited mechanical design/unit process.

2. SAFETY CATEGORY

The safety category for the system has been designated consumer grade.

3. NATURAL HAZARDS PHENOMENA
PERFORMANCE CATEGORY

N/A
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4. SUBJECT-SPECIFIC DATA

4.1 Previous Work

This system was previously designed and operated. The design featured GAC beds to remove the
VOCs from the off-gas. A subsequent GAC fire has resulted in this re-design effort (Ashworth et al.
2005a). The previous characterization may have underestimated the VOC content, for Tank-V9 in
particular as there was not sufficient data especially in the vicinity behind the baffle where large globs of
sludge resided. Also, the last operational effort included removal of the V-Tanks contents into the
consolidation tanks (T-Tanks). While removing the last of the material in Tank V-9 by first pumping
material and then by evaporation of excess water using air sparging, a thermal excursion in a GAC
adsorption unit occurred and a melting of the GAC housing occurred in one of the parallel legs of the
system from high temperature. It is now desired to operate without GAC and the new environmental
release standards are based on VOC mass release rates (TFR 2005). Therefore, this EDF will limit the
gas-phase VOC mass rate to: < 3 1b/hr, Emissions Regulatory Limit, < 2.5 Ib/hr, Operational Limit, and
< 2 Ib/hr, anticipated operating condition, by adjusting the sparge air rate, using a rate controller,” and
observing the FTIR readings for total VOCs. The same correlations will be used as in the previous EDF
with some updates on more accurate solid-liquid partition coefficients and better, documented
entrainment correlations.

4.2 Characterization

The numbers used for modeling are taken from a recent inventory estimate of remaining
quantities in the T-Tanks (derived from data leading to Tyson 2005). The values used are shown in Table
1. The concentrations, sludge mass, liquid volume, and total volume were provided. The remaining
quantities in the table were calculated based on these. Depending on the use, a column for the maximum
is included and an average (blended) that are used in these calculations.

Table 1. Characterization for compounds considered.

Volumes and Concentrations:
X, mg/kg, C, mg/L
T-1 T-2 T-3 MAX Blended
CPCE 0.19 0.24 0.35 0.35 0.24
CTCA 2.49 2.30 5.04 5.04 2.90
CTCE 11.10 10.20 22.50 22.50 12.91
CPCB 0.02 0.03 0.01 0.03 0.02
CHg 0.03 0.07 0.06 0.07 0.05

b. The rate controller integrates flow and concentration (ppm determined via PID), shutting down sparge air if the total organic
emissions exceeds 2.5 1bs in less than an hour.
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Table 1. (continued).
Volumes and Concentrations:
X, mg/kg, C, mg/L
T-1 T-2 T-3 MAX Blended
CCl 103.00 71.00 0.34 103.00 69.88
XPCE 712 2330 1500 2330 1415
XTCA 2930 2030 25900 25900 2533
XTCE 15100 10500 134000 134000 13100
XPCB 195 266 74 266 162
XHg 1050 1390 839 1390 872
XCl1 115 191 557 557 140
XCI/’XHg mol 0.62 0.77 3.74 3.74 0.90
Liquid, gal 5665 6139 2797 6139 4867
Sludge, gal 735 1061 83 1061 626
Sludge, kg 2867 4125 355 4125 2449
Volume, gal 6400 7200 2880 7200 5493
Sp.G Sludge 1.03 1.03 1.13 1.13 1.03
Gas, gal 2136 1336 5656 5656 3043
Vol%Solid 11% 15% 3% 15% 11.40%
Mass VOCs,
kg
T-1 T-2 T-3 MAX Blended
PCE 1.98 9.36 0.47 9.36 4.94
TCA 8.14 8.14 8.14 8.14 8.14
TCE 42.05 42.05 42.05 42.05 42.05
Total 52.16 59.55 50.65 59.55 55.12

The characterization numbers were manipulated for model consistency when using the
thermodynamic constants, H (Henry’s Law constant) and kp (the solid-liquid partition coefficient). The
numbers are used in two ways in the modeling below: (1) using the sludge phase concentration,
calculating the initial liquid phase based on equilibrium for the air-only model, and the gas phase based
on non-equilibrium sparge relations (see Appendix B for derivations), and (2) calculating the sludge
phase concentration based on the 3-phase box model, calculating the initial liquid phase based on
equilibrium for the air-only model, and the gas phase based on non-equilibrium sparge relations. The
following example for Methods 1 and 2 using TCE demonstrates this using the kp and H determined from
Appendix B (10.38 L/kg, 10 L-atm/mol).
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Method 1 (See Table 1 for parameters and note that the blended system values are used in this EDF)

Xrep =13100mg / kg

_ 13100mg / kg

_ _1262mg /L
= T038L kg &

_ 1.10g/L*10L — atm/mol
ree 131.5g / mol *0.85atm

*10° = 1x10° ppm, P ~0.85atm

atm

The vapor concentration depends on which mode is being used. Crcg exceeds the liquid
concentration shown in Table 1 by a large measure, partly because the gas phase is not included. It is not
believed that saturation would be the case at the start of sparging. In fact, the concentration is slightly
above the solubility of TCE, 1100 mg/L (EPA 1996) and the solubility value was used to determine the
equilibrium vapor concentration (Yrcg). Method 1 leads to large transfer rates at very low sparge rates.

Method 2

The 3-phase box model is derived in Appendix B. The result for the sludge phase is:

M;
Xl =
kp kpH; )
Xyop = 42kg = 6067mg | kg
18420L  11500L *0.082L — atm/mol — K * 298K
2450kg + +
10.4L/ kg 10.4L/ kg *10L — atm/ mol
_ 6067mg/ kg

_ _ 585mg/ L
= 10.38L kg &

The equilibrium gas concentration is found by the Henry’s Law constant:

Yyp = — 585mg/ L « V0L —atm/ mol *10° = 52340 ppm,
10°mg /g *131.5g / mol 0.85atm

Method 1 and 2 values were both considered in this EDF using the blended system from Table 1.
However, the results are only for Method 2 which are believed to be more representative during mass
transfer operations (e.g., sparging). Equilibrium values for the other VOCs are included in Table 2.
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Table 2. Equilibrium concentrations and parameters.

Equilibrium: 3-phase box model

M, kg kp,L/’kg  H,L- MW Xi, G, pi, atm yi, mg/L Yi,
atm/mol mg/kg mg/L ppm

PCE 4.94 29.10 16.95 166 1353 46  4.75E-03  4.14E+01 5585
TCA 8.14 14.87 16.95 1335 1694 114  1.45E-02  1.01E+02 17010
TCE  42.05 10.38 10 1315 6062 584  4.44E-02  3.07E+02 52258
HgCl, 1.37  1000.00 0.16 271 324 0.32 1.92E-07 2.72E-03 0.23
PCB 1.85 208.63 0.256 327 237 1.13  8.88E-07 1.52E-02 1.04

The liquid and solid phase model non-equilibrium gas phase methods are shown below and in
Appendix B. The following provides the equilibrium results based on the predicted T-Tank sludge
masses.

4.3 Operational Sequencing

This item includes providing a system roadmap for operational sequencing. It provides predictions
based on modeling discussed below for phases of re-starting the system. The following was determined as
the sequence of events per tank:

. Slow, incremental air sparging
. Start agitators
. Start tank circulation via air pumps.

For each one of the above, a model was developed. The models are derived extensively in
Appendix B. The following is a brief summary of each.

4.31 Step 1 - Slow, Incremental Air Sparging

The model that uses the addition of sparge air without the agitator assumes that no mass transfer
from the solid occurs. This is the basic air bubbling correlation using the Sherwood number
(Treybal 1987). There are a couple of assumptions that are possible within this model; constant
concentration in the liquid being replenished by the solid or a falling concentration. Either of these
assumptions are acceptable since the maximum gas concentrations and emission rates are used for
comparison (i.e., if it dips the maximum is the same as if it’s constant). The model used here is the falling
concentration assumption. The Sherwood number for bubbling air is:

0333 )

d.-g
0.779 0.546 P
Sh=2+ b-Re -Sc | ——
G L 0.667

DL )

ShD,
ky ==
d

P
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N, :kLi(C,- - D; /Hl.)
@; = kLia(Cl. - P, /Hi)VL
And for the falling concentration assumption (see Appendix B):
G (t) =C, (O)e"‘Lfa(l—/lf/Hi)f

Where A is the stripping factor and provides a relation for non-equilibrium vapor phase
concentrations given the assumption of high sparge/mass transfer rates:

B k,.aV,
" o,/P+k,aV,/H,

4.3.2 Step 2 — Start Agitation

The basic model for volatiles with sparge air and mixing (as developed in EDF-4956 and
Appendix B) provides the change in the solid concentration as a function of time and the thermodynamic
properties of the Henry’s Law Constant and solid-liquid partition coefficient, the air-stripping rate and the
amount of mass (both through the stripping factor):

,LkDJ,

szxmywbﬂ

It is assumed that no mass of VOCs is transferred from solid to liquid during the initial sparging so
that the initial concentration in the solid phase does not change during that step. The partial pressure of
the volatile being derived from a mass balance with assumptions from the above is directly related to the
solid concentration:

p(1) = AX(1)
4.3.3 Step 3 — Start Tank Circulation via Air Pumps

There is also a model for circulation and splashing based on Higbie’s penetration mass transfer
model. This is similar to the air-stripping model and is discussed in Appendix B. The circulation model
used a single, equilibrium transfer unit that did not add significantly to the mass transfer. The splashing
model used particles generated by circulating liquid falling approximately three feet as shown in Figure 1.
The falling liquid generates small liquid bubbles as discussed in Appendix B. The generated liquid
particles transfer mass via Higbie’s penetration theory (Treybal 1987):

ID.,
kLi =2.—
70

This led to a fairly high k;a. However, the overall transfer is based on a small mass (the bubbles
generated) and is not large compared to the air sparge or air sparge with agitation particularly at a later
point in time when the concentrations are reduced. Appendix B provides the relevant information on
bubble size and surface area.
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Sparge Air

Figure 1. Circulation splash model.

4.3.4 Summary of the Models

The results of the three models are shown in Figure 2. These were based on air sparge only for
five hours followed by air sparge plus agitator for an additional five hours then addition of intra-tank
recirculation. It is believed that the equilibrium method (Method 2) is more accurate and 1.5 scfim can be
used to start up. The characterization data used estimated masses without much regard to distribution.
Therefore, the distributed method (i.e., Method 2) should be more representative during sparging.
However, there is uncertainty in these numbers. The material balance (Section 4.5.3) is based on
Method 2.
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VOC Concentration and Rate by Method 2, Sparge at 1.5
_ scfm

Sparpe + Agitgtor  Sparge + Agitator
Model +Circulation Model
250.00 4.00
- 3.50
200.00 -
> -+ 3.00
£
g
- 150.00 - 1250 = |_a yvOC dilute by 400
& 8 scfm, ppmv
= 1200 =
= % Ib/hr
§ 100.00 - il 150 K
c
o
o -+ 1.00
50.00 -
-+ 0.50
0.00 —++—+4+++++H+—+++++++++++—+++ 0.00
1 5 9 13 17 21 25
Liquid .
Model Time, hour

Figure 2. Concentration versus time by Method 2.

4.4 Mercury Evaluation

The above relations can be used in evaluating mercury emissions. EDF-4956 assumed the mercury
was a dissolved zero-valence metal (Hg"). Based on the characterization in EDF-4956, the
chloride/mercury atomic ratio for a blended system (solids phase) is:

Cl _ 140mg/ kg *200 _09
Hg 872mg/kg*35.5

Based on Figure 3, it is seen that there is 0.025M of volatile (available) mercury. The speciation
factor is provided by the ratio of this to the peak of 0.075M, 33%. An HSC Chemistry thermodynamic
modeler was used to determine species for the system. An exhaustive modeling effort for organo-
mercuric compounds was not conducted. The model predicts a mixture of ionized mercury compounds
(nonvolatile) HgCO3 and HgCI2. The Henry’s Law constants or the solid-liquid distribution coefficients
for these two species are not easily found. The Henry’s constant for HgCI2 has been estimated during
previous work (Ashworth 2000) on HgCI2 as:

H=0.014

or in units preferred in this EDF at 25°C and 0.85 atmosphere:
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H=034025"9 03320114797

mol mol

However, this is very conservative because the solid phase ratio was used. Using this and assuming
a kp of 1000° for HgCl,, the mercury emissions have been estimated based on a sparge rate of 40 cfm
nominal.! The calculations are in Appendix B. The unmitigated Hg concentration estimated from the
model, maximum is 3.2 mg/m’ (undiluted with bleed air without stack dispersion factors).

Mercury Speciation

=
m’ﬁ
2
o
@
=
7]
S
[
=
o
1
@
=

0.00 200 4.00 6.00 8.00
[Cl}[Hd]

Figure 3. Speciation in Hg/Cl system.

°. There is a lot of uncertainty in the Hg partition coefficient and the 1000 L/kg value is basically a conservative guess. The data
derived from various characterization reports suggests on the order of 10,000.

4,40 cfm used as an upper limit based on a different end user request for Hg.
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4.5 Off-gas Material and Energy Balance

451 Volatiles

Volatiles consist of the three main VOCs: PCE, TCA, and TCE. There are also some trace VOCs
used for PID calibration discussed in Section 4.6.2. The total amount is controlled to less than 2.5 lb/hr by
adjusting the sparge air rate. The regulatory-driven release limit is for less than 3 Ib/hr for total organic
release; the 2.5 Ib/hr limit is a design limit that carries a safety factor for compliance. The concentrations
are the upper values determined in the modeling. There may be some variation in total flow and HVAC
balance will not provide exact values. Therefore, Figure 4 is provided to determine the concentrations in
ppm, versus flow. Figure 4 provides the stack flow rate on the abscissa and the diluted, total VOC
concentration on the ordinate. These values were derived from the following:

21b/ hr *359 ft° | Ibmol

Y, = *10°
r0c(©) 1661b/ Ibmol * O * 60 min/ hr

As long as the concentration, by the PID, is at or below the curve for whatever stack flow, the rate
will be less than 2 1b/hr based on standard conditions.

Vapor Phase VOC vs Flow (2 Ib/hr VOC)

1600

1400 <
£ 1200 -
o
< 1000 -
S
£ 800
S 600 -
2
S 400
(&)

200 - \\‘\‘M___‘
0
0 100 200 300 400 500 600
Flow, scfm

Figure 4. Allowable concentration versus total flow to meet 2 1b/hr.
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4.5.2 Non-volatile Off-gas Components from Entrainment
Entrainment has been discussed in detail in the design of the current demisters that replaced the

venturi/packed bed scrubber (Ashworth 2005a). The same models are used for this and the forms
provided in the entrainment calculation for the PM2A Project (Ashworth 2005b).

E =4x10"°
G, =vp,
G, = EG,

The above provides the parameters for entrainment due to sparge air introduction: the entrainment,
the gas mass velocity, and the droplet mass velocity. In addition to entrainment from sparging, there is
also entrainment due to splashing/spilling caused by the recirculation between the consolidation tanks.
The spilling is accounted by use of the Archimedes Number:

2 3

¢Z ¢g
Arch = g 3

2

HL
ARF:=8.910 % Arch”>

These are used for the entrainment of radionuclides and SVOCs as shown in Appendix B.
4.5.3 Process Flow Diagram

A combination P&ID/Process Flow Diagram (PFD) is shown in Figure 5. This is based on
Method 2, the equilibrium assumption for concentrations (discussed in Section 4.2). The corresponding
values for temperatures, pressures, and concentrations are provided in Table 3. The VOC concentrations
shown are the maximum from the three models. The PFD is based on the sparging of a single T-Tank at
1.5 scfm to start out.” The bleed air comes in at about 400 scfm for a total of about 400 scfm.

The wet sparge air is first treated with a demister consisting of a steel mesh that removes most of
the entrained particulate material. There is a low point in the line where condensation is collected prior to
mixing with bleed air. Bleed air enters through a HEPA/VAC unit and mixes with wet sparge air. The
mixed air is heated to prevent condensation and is sent to the stack via two parallel HEPA/VAC units.

¢. The VOCs will be slightly higher at low sparge rates prior to sparging, i.e., equilibrium.
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There are two analytical devices for determining VOCs in the off-gas, a Fourier Transform Infrared
Analyzer (FTIR) and a photoionization detector (PID). The FTIR has been used previously and provides
near real-time (about 10 min) analysis of several VOCs. The PID has a faster response time (40 s) and
measures only total VOCs. The PID has a 0-2.5 VDC analog signal such that it is used for data logging
and a signal for integrating with total flow to determine the mass flow rate’ in Ib/hr. They are shown wired
together on the PFD/P&ID to indicate and control at 2.5 Ib/hr. If the mass rate accumulates 2.5 1bs in less
than one hour, the instrument signals the solenoid shown in the sparge air pipe to close, and sparging will
be manually restarted at the beginning of the next hour.

The plan is to start sparging and follow the model protocol as previously discussed. After sufficient
sparging at the low rate of 1.5 scfm, the sparge rate will be increased and inter-tank circulation will be
started while evaluating the PID and the FTIR to ensure the VOC concentration is less than the
approximate 2.5 Ib/hr determined by the PID/flow integrator. For this case at 400 scfm (using 2 1b/hr), the
gas phase VOC total would be about 200 ppm,. Procedures relative to monitoring the VOC emissions and
implementing sparge rate increases will be forthcoming and are beyond the scope of this EDF. However,
the models provide a road map.

f The measurement of the instrument will actually be for ppm,. In concert with the flowmeters, a conversion factor will be
applied so the integrated total VOC flow will be expressed as pounds per hour. This is detailed in Section 4.6.2.
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Table 3. Material and energy balance, two fans.

1 2 3 4 5 B 7 g ] 10 11 12
Parameters Sparge Air |Choked 54 | T-Tank Offgas | T-Tank Comb [Bleed Air [Fitered BA [ Comb Stream | Split Stream |Hested S5 [Fitered S5 | Compressed S5 | Stack Outlet
P, pEiginH20 7 40 0.00 0.00 0.0o -3.67 -3.67 -367 -4 .95 -5.64 0.0z 0.00
T,°F 70 70 hitl hit] 70 Ei] 70 7n a0 a0 a0 a0
Mazs Flow, lkinin 012 012 012 012 33 33 33 16 16 16 16 33
Flowy, scfim 1.50 150 1.50 15 407 407 405 204 204 204 204 408
Flowy, acfm 0.30 046 1.73 1.73 469 473 473 AT 243 243 240 474
RH, % 1] 1] 100 100 al al al a0 23 23 23 23
VOCs, ppm, 56700 56700 1] 0 208 208 208 208 208 208
PCE 1] 1] 5300 5300 1] 0 149 149 149 149 149 19
TCA 1] 1] 16100 16100 1] 0 a8 i) i) b i) g
TCE 1] 1] 300 300 1] 0 130 130 130 130 130 130
WO, hihr 1] 1] 1.482 1.82 0.0o0 0.00 142 1 1 1 1 2
SVOCs, ppm,
PCE [ o | o ] o7 | o7 [ o | o [ seos | 3E03 | 3E03 | 3E03 | 3E03 | 3E03
Metals
HoCl., moin® [ o | o T 3285 | 322 [ o | o [ 1602 [ 1F02 [ 1602 [ 102 | 102 | 1ED2
Radionuclides, nCiim?*
o i} i} 42 2 i} a 8.E-03 5.E-03 gE-03 | 7.78E05 7.78E-03 7.78E-05
i 1] 1] 108 ] 1] 0 2E-02 2E-02 2E-02 1.95E-04 1.89E-04 1.99E-04
iy 1] 1] a0 40 1] 0 1E-M 1.E-01 1.E-01 1.45E-03 1.45E-03 1.45E-03

Further modeling has been conducted to show changes in parameters with sparge rate (Lopez
2005). These ranges are shown in Table 4.

Table 4. Flow ranges and parameters.

Expected Blee?d Expected Tgtal Expected Vacuum Ei‘f%";ﬁi \gcilrllum
Sparge Rate Air Flow Reading  Flow Reading Reading on PIS-1 S ars e(f g

on FIT-1 on FIT-2 parg

(SCFM) (SCFM) (IwG) (WG)
1.5 SCFM in 2 Tanks® 385 TO 460 390 TO 465 -29TO -3.8 -29TO-3.8
5 SCFM in 2 Tanks" 380 TO 455 390 TO 470 -2.7TO -3.7 -2.7TO-3.8
10 SCFM in 2 Tanks 380 TO 450 400 TO 470 -2.7TO -3.7 -2.7TO -3.7
20 SCFM in 2 Tanks 370 TO 440 410 TO 480 -25TO-34 -2.6 TO-3.5
30 SCFM in 2 Tanks 365 TO 430 425 TO 490 -23TO-3.2 -25TO-3.4
40 SCFM in 2 Tanks 355 TO 420 435 TO 500 -2.0TO -2.8 -24TO-3.2
1.5 SCFM in 3 Tanks® 385 TO 460 390 TO 465 -29TO-3.8 -29TO -3.8
5 SCFM in 3 Tanks" 380 TO 455 395 TO 470 -2.8 TO-3.8 -2.8 TO-3.8
10 SCFM in 3 Tanks 375 TO 445 405 TO 475 -2.7TO-3.5 -2.7TO -3.6
20 SCFM in 3 Tanks 365 TO 430 425 TO 490 -24TO-3.3 -25TO-34
30 SCFM in 3 Tanks 350 TO 415 440 TO 505 -2.1TO-3.0 -23TO-3.2
40 SCFM in 3 Tanks 340 TO 395 460 TO 515 -1.8 TO -2.6 -2.1TO-2.9

¢ 90 SCFH
h. 300 SCFH
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4.6 Design and Operating Features
4.6.1 Sparge Air Rotameters
To record data and monitor the flow of sparge air, a correction factor is required for the sparge air

rotameters, V-TANK-REM-ROT-1, -2, -3. The correction is to standard conditions defined as T = 460°R
(273.3°K) and P = 14.7 psi (1 atm). The correction is (Dwyer 2004):

Example, P, = 40 psig, T;ot = 55°F, Qo = 20 cfm:

(40 psi +14.7 psi J460°R
14.7 psi(460°R + 55°F)

Oy =20cfm =36.5 scfm

Table 5 is provided for various temperatures and pressures.

Table 5. Rotameter corrections.

P, p=ig 20 (20 (20 (30| 30) 35040 |40 )40 |50 |50 (=0 (60 (60|60 (707070 ) 50| &0 &0
T,°F 40 [ 60 [ 50 [ 40 | 60 ) 50 | 40 | 6O | &0 | 40 | GO | 80 [ 40 [ 60 [ 30 [ 40 | 6O | 80 | 40 | 6O | &0
oy, T G, sofm

1 15 (14 1417|1616 |18 |15 |18 |20 (20 (1892221 |21 |25 |25 22|24 [24[23
2 28 (2828|533 |35 |32 |37 |36 |36 (4038939434242 |46 |45 |44 148 [45/[47
4 58 |58 |57 |67 |66 |64 |74 |73 |71 |80|F8 (77|86 |85 |83 |92 |90|589 |97 |95(94
5 G5 [ 87 |55 100]95 |97 |[MMAM08N0F 21 (1M1 &1 6130127 [125 135135133 146]14.3[14.1
g MEIMTENMT 3134131 (128145145142 161 155|155 173170166 184181 [17.7[195([191 [157
10 1471145142167 [16.4 (161 [18.5(161 [17.6 (201 (197|194 |21 6|21.2 205|230 (226|222 (2453(239(234
12 AP FENT00201 197 (1932222524 (241|257 |2532|259|254 250|276 271|266 (2922586 (251
14 2062021199234 [230(225(259 (254 (2489 (252|276 271 |303]|29.7 1291|322 |31 631 .0(341 (334|325
16 236|231 |22 7|68 |262 (258296 (2902585322 6|31 0346339333365 (|536.1 (354 (380(3538.2 (375
15 265 |260)255 (501 [295(290 (53353 (327 [320(362|355 |34 9359|352 |37 5414 |406(398 (435 (430422
20 295|289|254 (535|528 (532257 0[365(356 (402|395 |35.7 (432|424 |1 6|460(45.2(4453[45 7 [47.7 468
22 324383125368 |36.1 (354 (407 [3898(392 (4451454 |42 6|47 6466|458 |50.7 |49.7 [45.7 [53 6 (525|515
24 F9.4 134713400401 |539.4 (556 (444 (455 (427 [455]47 4465519509499 |55.5|54.2[53.2(554 |57 .5(56.2
25 F5.3|3TE|369(435 (426 (415 (451 [47 2465 (525|581 5|505|56.2 551 |54.1 |59.9 |55.7 |57 6 [63.53[621 (604
25 41.31405]39.7 (468 (459 (451 [515(505 (499 (565|552 |54.2 605|594 |58.3 |64.5|63.2 |62 0 (652 (665 [B5 6
30 4421434 1425|50.2|492 (455 (555 (544 (554 (604 (592|551 |64 9636|624 |691 |67F.7F [665(730(716(|705
32 47214621454 |53.5 (525 (51 5(58.2 (551 [57 0|64 4 |65 |62.0|69.2 |67.8 666|737 |72.2|(708 (778|764 (750
34 S04 1491 1452|569 (555 (547 [628 |61 7 [G0OS 654|671 |BS5 735|721 707|783 |VE.8|753[525(51.2|796
36 531 |520|51.0|60.2|590(57 9 (666 (655 (641 (724 |71 0|69.7 776|763 |749|529|51.3|795(576(559(5845
35 S5.0|549|539|636|62.3(61.2(703[658 (677 |V6E5|7o0|756 822|806 |79.1 |57.5|55.8(54.2(925(90.7 (590
40 559|575 |56.7|66A|656 (644 (740|726 (M 2|805|758 |77 5|86.5 548 |83.2|921 (903|556 (974 (955|957
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If the actual flow and the real velocity are desired, the following is used assuming the ideal gas
law and the local atmospheric pressure (P,) is 0.85 atm:

P

Q=05

a

4.6.2 VOC Analyzer/Mass Totalizer

A RAEGuard PID will be used to analyze and indicate total VOCs. The scale for the PID needs to
match the expectation value for meeting the 2 Ib/hr criterion. Assuming 400 scfm to determine the scale
for the PID, the total VOC assuming a conservative molecular weight of 166 g/mol for PCE, the
concentration is:

21b/ hr *359 ft* | Ibmol

= —— . *10° =180 ppm,
400 ft° / min*166/b/ Ibmol * 60 min/ hr

Therefore, the scale will be 0-1000 ppmv.

The PID will be integrated with the flowmeter, V-TANK-REM-FIT-2, to obtain the rate in Ib/hr by
a multiplying operator function, i.e.:

1 , 60min Ibmol , 134lb
10°  mr 359f Ibmol

IbVOC / hr = ppm,, * scfm *( ] *1.27 = ppm, * scfin*2.84x107

The multiplication operator for the instrument is then 2.84 x 10°. The factor of 1.27 in the above is
the fg from Appendix B. Appendix B provides details concerning this and methods of changing it if the
FTIR data indicate significant variations from the basis mole fractions, especially TCA that has a
relatively high CF. The factor f; is referred to as an exterior factor whereas the PID correction factors are
entered directly into the PID. To summarize, the mixture correction factor is determined based on the
individual correction factors from the vendor at the PID lamp power used (in this case 10.6 ¢V) and the
mole fractions of the gas-free VOCs (i.e., mole fractions based only on VOC:s).

51
CFmix = ;x—

CF,

1

The mixture correction factor (CF ;) is 0.55 from Appendix B. It is recommended to leave the
humidity correction factor at 1.0 unless the humidity is consistently higher than about 20% as shown in
the humidity correction plot, Figure 6. A simplified sketch for the integrator instrument is shown in
Figure 7.
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Humidity Correction Factors for
MiniRAE 2000

Multiply correction factor by reading to obtain actual concentration

16|

O &

et C

® 1o @ —— 10C/50F
1 F

c : = 15C/59F
2 g —+—20C/68F
o E —+23C/T3F
L : - 26.7C/80F
o g ——32.2C/90F

0.0 E | | | |
0 20 40 60 80 100
Percent RH

Figure 6. Humidity correction factor.

Diluted Sparge A[ir>— Pipe \ To Stack >

PID MiniRAE
2000

®
9

Figure 7. Simplified VOC mass flow instrument.
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5. ASSUMPTIONS/UNCERTAINTIES

. Without sampling, there is uncertainty in the solid, liquid, and gas concentrations. The model used
two methods to help bracket this.

. The mass transfer model for sparge air coupled with the agitator is not known to be applicable at
low sparge rates. Therefore, that model could be less accurate at low flow.

. The recirculation modeling is very difficult to formulate and could be less accurate depending on
the recirculation flow that was assumed 100 gpm.

. The mercury was assumed to be speciated as chloride complexes. No thermodynamic modeling
was done for possible organo-mercuric compounds.

. Assumed no mass transfer from solid during liquid model (sparge only). Also used the decaying
liquid concentration. It could be more of a constant but should not matter since the highest of all
gas phase concentrations are put in flowsheet.

6. ACCEPTANCE CRITERIA

The total VOC emissions must be < 3 1b/hr, Emissions Regulatory Limit, < 2.5 Ib/hr, Operational
Limit, and < 2 Ib/hr, anticipated operating condition, per project instructions. The operating sequence
discussed in this EDF provides a roadmap for operating the redesigned off gas system in compliance with
these emission limits. The off gas volatile organic monitoring and control system provides a means to
provide emission rate feedback to operations and controls sparge air supply to ensure the regulatory limit
is not exceeded.

Technical and Functional Requirements (ICP 2005), relevant to this EDF, and how they are met are
provided in Table 6.
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Requirement

Design to Meet

3.1.2.5-1. The off-gas system design shall provide
ventilation capability to ensure the volatile organic
compounds (VOCs) and particulate radionuclides are not
released above allowed levels to the atmosphere during the
waste transfer/consolidation process.

Instrumentation has been included to allow
monitoring and control of the VOC rate in 1b/hr.
Demisters and HEPAs are provided. However,
these were not designed to meet an allowed level.

3.1.2.5-2. The off-gas system design shall provide
ventilation capability and sparging controls to enable
operations to ensure VOCs are not released above allowed
levels (3 1bs per hour) to the atmosphere during the waste
sparging process.

The design provides a demister and HEPAs and
monitoring/control for the 3 1b/hr VOC
requirement. It also provides ability to startup at
low sparge rates.

3.1.2.5-4. The off-gas system shall prevent radionuclide
and toxic emissions to an on-site worker in accordance
with 40 CFR 61.92 and DOE 5400.5, “Radiation
Protection of the Public and the Environment.”

Instrumentation has been included to allow
monitoring and control of the VOC rate in 1b/hr.
Demisters and HEPAs are provided. However, it
does not evaluate or provide design media showing
levels to on-site workers. See EDF-6327

3.1.2.5-5. The off-gas system shall be designed to allow
sampling/measuring for potential releases of hazardous and
radioactive effluents to the environment, as required by the
Air Permit Application Determination.

Instrumentation and sample ports are provided to
measure VOCs and radionuclides.

3.1.2.5-6. The off-gas system shall be designed to ensure
releases of radioactive materials to the environment and
community are within acceptable limits (10 mrem/yr for
the off-Site receptor) as defined by 40 CFR 61, “National
Emission Standards for Hazardous Air Pollutants,” Subpart
H, “National Emission Standards for Emissions of
Radionuclides Other Than Radon from Department of
Energy Facilities.”

The design provides a demister and HEPAs.
However, it does not evaluate or provide design
media showing any dose rate to the environment or
community. See EDF-6332

3.1.2.5-7. The design process shall include appropriate
controls and monitoring equipment for carcinogenic and
noncarcinogenic contaminants, which may be released into
the air.

There is not a breakdown of carcinogenic and
noncarcinogenic contaminants in this design or any
evaluation of this. This design only provides for
monitoring VOCs to help control the total rate to

< 3 Ib/hr. Instrumentation and sample ports are
provided to measure VOCs and radionuclides.

3.1.2.5-8. The off-gas system shall be designed to ensure
the integrity of the in-line HEPA filters is maintained.

Preheaters are provided to prevent condensation.

3.1.2.5-9. The off-gas system shall be designed to have
sufficient flow capacity to accommodate sparging the
consolidation tanks.

The flow capacity of sparging all three tanks is
exceeded by two fans in parallel.

3.1.2.5-10. The off-gas system shall be designed such that
the relative humidity is less than 80% and the temperature
is less than 50°C (122°F) when the off-gas enters the
HEPA filters.

Preheaters are provided that will reduce the RH to
< 80%.

3.1.2.5-11. The off-gas system shall be designed such that
off-gas condensate is minimized and any condensate that is
removed by the off gas system can be returned to the
consolidation tanks.

Condensate removal system provided.
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Table 6. (continued).

Requirement

Design to Meet

3.1.2.5-12. The off-gas system design shall provide
capability to measure the pressure drop across the HEPA
filters.

Pressure drop gauges provided.

3.1.3.2. The consolidation tank and off-gas systems shall
be designed to readily interface with the Phase II treatment
system.

Not addressed by this EDF.

3.1.4 Codes and Standards

Not all examined for appropriateness.

3.2.2.3. The design shall be protective against human
overexposure to radiation, airborne radionuclides, and
hazardous chemicals during the project operations.

The design provides a demister and HEPAs and
monitoring/control for the 3 1b/hr VOC
requirement. However, it does not evaluate or
provide design media showing protectiveness or
lack thereof. See EDF-6327

3.3.5-1. The design shall include process control and
monitoring instrumentation for all critical process
parameters.

VOC monitoring is conducted with an in-line PID
with verification monitoring by FTIR.

3.3.5-2. The design shall ensure that control sensors within
the design determined to be critical to successful operation,
are redundant.

None identified.

3.4.1-1. The project design shall provide features
(e.g., attributes and components) in the transfer and
consolidation systems that facilitate leak and pressure
testing.

No specific design media for this other than
standard features.

3.4.1-2. The project design shall provide features in the
off-gas systems that facilitate testing for operability.

No specific design media for this other than
standard features.

7. SOFTWARE

The following industry-wide software, requiring no validation, was used for this EDF:

. Mathcad Version 11

) EXCEL Version 2003.

8. CALCULATIONS

See Appendix B.
9. CONCLUSIONS

It is concluded that the system can be operated to maintain less than 2 1b/hr. However, the sparge
rate is low starting out. It is not expected to require a very long time even at low sparge rates but the rates
need to be increased as long as the VOC rate is about 2 1b/hr, an anticipated operating rate established by
project management to ensure compliance of the regulatory emissions limit of 3 1b/hr.
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10. RECOMMENDATIONS

The modeling provides insight that at low sparge rates, the driving force decreases so that the mass
rates become vanishingly small so that sparge rates need to be increased. Also see body of EDF for
specific actions.
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APPENDIX A

Task Planning Documentation

The task planning document is covered in the Work Agreement (Work Agreement 2005).
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Calculations
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Calculations for V-Tank Remediation Redesign
Table of Contents
1. Data
IL. Models for scope of effort
I11. Flowsheet and HVAC Balance
IV.  VOC Analyzer
1. DATA

Temperature and Pressure

T, :=298K P :=0.85atm

g

Gas constants

Standard gas per mole of substance

R_-273.1&K
L-atm g L

R_:=0.08205 =—— =22.413—

g mol-K Rstar latm Rstar mol
Derived Units/Miscellaneous

) 10 —1 . .. : —9
Ci:=3.710 s Curie definition nCi:=10 “C

t _

ppm, = 10" ¢ Ibmol := 454mo

atm

EDF-6376
Revision 0
Page 34 of 65
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Volumes, masses, concentrations
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The table from the body is put in data form below to make use of as values.

DATA =

0
"CPCE"
"CTCA"
"CTCE"
"CPCB"
"CHg"
"CCI"
"XPCE"
"XTCA"
"XTCE"
"XPCB"
"XHg"
"XCI1"
"XCl/XHg mol"
"Liquid, gal"
"Sludge, gal'
"Sludge, kg"
"Volume, gal"
"Sp.G Sludge"
"Gas, gal"
"Vol%Solid"
"Mass VOCs, kg"
"PCE"
"TCA"
"TCE"
"Total"
"Mass HgCI2 and PCB, kg total"
"HgCl12"
"PCB"

"T-1" "T-2"
0.19 0.24
2.49 2.30
11.10 10.20
0.02 0.03
0.03 0.07

103.00 71.00
712 2330
2930 2030

15100
195 266
1050 1390
115 191
0.62 0.77
5665 6139
735 1061
2867 4125
6400 7200
1.03 1.03
2136 1336

"T11%"  "15%"

0 0
1.98 9.36
8.14 8.14

42.05 42.05

52.16  59.55
0 0

9.04 0

0.77 0

"T-3"
0.35
5.04

22.50

0.01
0.06
0.34
1500

"MAX"
0.35
5.04

22.50
0.03
0.07

103.00
2330

25900 25900

74
839
557

3.74
2797

83

355
2880
1.13
5656
n3o,n

0

0.47
8.14
42.05
50.65

0

0

0

10500 134000 134000

266
1390
557
3.74
6139
1061
4125
7200
1.13
5656
"15%"
0
9.36
8.14
42.05
59.55
0
0
0

"Blended" \
0.24
2.90
12.91
0.02
0.05
69.88
1415
2533
13100
162
872
140
0.90
4867
626
2449
5493
1.03
3043

"11.40%"

0
4.94
8.14

42.05
55.12

0
3.01
026 )
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Vi = DATA”’S-gal

My :=DATA kg

16,5

V= DATA1475~ga]

Vgas = DATA19,5‘ga]

Vi = 5:493x 103 gal

3
My = 5.399% 10 Ib

3
V) = 4.867x 10 gal

3
Vgas = 3.043x 10° gal

VgL = DATA15’5~gal

3
Vg =237x 10°L

g g
Molecular Weights
gm gm gm
MW, . =29=— MW 5 =32— MW =18—
air mol 02 mol H20 mol

gm
MW ~:=35.5—
Cl mol

gm
MW =131.5~—
TCE mol

— £m
MWpcp = 133.5

mol

gm gm gm

MW =(4355+212 MW =166—— MW =327—

PCE ( )mol PCE mol PCB mol
em

— am

MW ecpp= 2712

Densities
_ ke _ ke _ kg
PH20= 17 pL=1T Ps=DATA g o7
P-MW gjr 0 Lol kg
P =—— =1.01—
g . g
Rg Tg m3
Tank and mixer data
Impeller diameter Agitator speed
. 2-m
Dimp :=49in Nt = 68&
b 2
Dﬂ( = 10ft Atk = ZDtk
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Pow act =3-5p (Ashworth 2004b)
Forces
Surface tension gsubc(ge)
1b-ft
o 73340 g, =322 b
em Ibf-s

Transport and Thermodynamics

31 5 b 5k
iy == 06510 > — g =1210 5?5 g = 1.786x 10 >

ft-s ms

Use Graham's Law to find diffusivities of dissolved gases in liquids D a, knowing oxygen
(Thibodeaux 1979):

2 2
— 5 cCcm -0 m

D _ [ Yoz D D 1.098x 10~ n’
PCEw-™ “PO2w PCEw™ " —
D MVo2 D D 1233% 100 '
TCAw = “P0o2w TCAw = 1-49°% -
D MWo2 D D 1233% 107 n’
TCEW™ |7 202w TCEw™ 1-422% -
MWrcE s

D _ | MWYo2 D D 8.591x 10~ ° n’

HeCl2w = ‘Dooy, HeClaw= 8- —

s MWheci2 & s

D = mD D =7.821x 10‘1032
PCBw- MWPCB 02w PCBw™ '~ s
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Henry's Constants

L-atm L-atm
H =16.95 H =10——
PCE mol TCE mol
L-atm L-atm
H =16.95 H :=0.256
TCA mol PCB mol

The Henry's constant for HgCl is not known for certain. It is estimated by previous work
(Ashworth 2000) as 0.14 dimensionless and is expected conservative.

L-atm

g mol

There is also a correction factor for speciation, i.e., available HgCl»:

Re| pg=DATA 5 Re) pg = 09

At this ratio, a conservative estimate is 0.2 from the speciation figure in the report body:

0.2 atm

fspec = 0.75 Hugeiay= Hagcr2 fspec Hyocpp = 0‘091L'm_01

Solid-Liquid Distribution

This will be an update from previous design that provides kpy's to each VOC that are
believed to be better. There is no known kpy for HgCl» but it is expected to be high based on
sludge and liquid data and is assigned 1000.

L . .
kDHgClZ:: 1000k—g A conservative estimate, data suggests 10,000

The kp's for the VOCs are from EPA/540/R-96/128 Attachment C (EPA 1996):

First, the k¢'s from the same document using average values for soil (note, not a lot of
variance):
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Using the same f as the previous EDF at 95% UCL foo = 1.07 10° %
g
. L . L
kocPCE = 272k_g kppCE™= kocPCE foc kppcg=29. 1°4k_g
—— L . —_— L
KocTCA = 139k—g kprca =kocrcA foc kpTCa = 14-873k_g
. L . L
koeTCE = 97k_g kDTCE = Ko TCE foc kpTCE= 10~379k_g

Note: these are lower than previously used

For PCB (using Aroclor 1260) Note, determining PCB for other usage in
project
=101 F H detal. 1993
K0w_Ar0c10r1260 =10 k_g (From Hemond et al. )

KowiAroclor1260 \
1.00-1o : 021
UnitsOf ( KowiAroclor 1 260) ) L

3L

Kocpcp =10 e Kocpcp =193 10712
. L
kppcB = KocpcB foc kppep = 208633,

Mass Transfer Correlations for sparge ring-agitator systems

b:=0.002W 0708 (Perry et al. 1984)

The liquid phase mass transfer coefficient is for non-pure waters (Perry et al. 1984):

0.7
Py ) 0.2 . . .

kp,=b|— v For ionic solutions/air

\V/ g

tk )

>
Qg =15— (Sparge nominal, will be a variable up to 40 cfm. There

min

will be different values for different usages and the final
EXCEL plots will be different.)
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Q _
Vgm— vg=97x10 > 2
Aﬂ( S

The Pg is the power reduced as a result of the air around the impeller. It is a function of the
impeller diameter and the speed (Treybal 1987).

QS p—
=_—— = -5.157x 10 ° (gassed power decision parameter)

3
Nact p

Let

[1]
|

‘Dim

Conditional Statement for Pg

Py = Powﬁact'(0'62_ 18) if = >0.037 Note, the Pg is the "gassed" power
Pow act'(1 = 122E) otherwise
Pg =3.5hp Py = 2.608x 10° W A
Vi =2.079x 10 L
0.7

Py A 0.2 3 -1
ki =b| == v kp,=9275x 10 s

V, g a

tk )

Since this is for air, adjust for TCE related to the diffusivities in water for the two solutes by
(Thibodeaux 1979, Crowl et al. 1990):

2 1
3
kg ( D; )

Dair )

3
Mwair \

MWpcp )

o kL apcB= kLa'(
La air

Mwair ’ Mwair ’
KL aPCE=KLa| = KL aTCA =KLa| T
APCE: :
MWpcE ) MWrca )
1 1
3 3
K K MWair \ K K Mwair\
LaHgCl12~ “La’ LaTCE~ KLa’
£ MWheci2 ) MWcE )
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I1. Models for scope of effort

slow, limited sparging w/o any recirculation
add mixer operation
and then add recirculation

Slow, limited sparging w/o any recirculation

The Sherwood number, as usual, is a function of the Re and Sc. It is assumed that the liquid
concentration stays constant, replenished by the sludge for the short time period.

0333 )

d.-g
0.779 0.546 P
Sh=2+ b-Re -Sc | —
G L 0.667

D,

The gas Re is calculated with the slip velocity and for the single bubble regime, the slip velocity
is the bubble terminal velocity. The bubble size depends on the flow regime. The sparge ring has
1/8-in. hole spaced 5/8-in. apart:

hole spacing ring diameter ring circumference  hole diameter

5. . .
X ::Em DS :=44in L.:=nD D :=—in LS =3.511m

number of holes

Ls Qs
— n0=221.168 0y =
X5 Rstar

n, =

o og = 0.032katal

The following sparge flow will vary so that the VOCs < 2 1b/hr

Q, =— Ap = -
0= P=PL~Pg
(6]
4Q DO‘VO.p
Vg = — Re, = ———% Re, = 72.463
2 n
TE-DO g

To determine the flow regime (Treybal 1987), a factor is used to compare Q,, with, call it Q.
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1
6
oy |0 L7202 o
b E 0y =2279x 10 ° 2
(g:8p)"p s
—2 — 1.405 Since this ratio > 1 and Re, <2100, the flow regime is intermediate
Q
b

dy :=0. 0287 \/_ J_ d, = 6.742mn

Vi = 02342 This is the bubble terminal velocity
S
B :=0.845 a = 1.36¢ y:=-13%10 . Vg versus vg correlation determined from
Treybal 1987, Figure 6.2. (Ashworth
2004a)
M
Vs T B Vg = 0.1792 Note: there shouldn't be a lot of difference between
o s) +y S vg and vy.
e'm)

The gas Re is then (note that this Re uses the slip velocity):

d. v pL
Reg = ———r Reg = 1.251x 10°

HL

The Schmidt number is different for each VOC, for the liquid (using PCE) is:

n
Sc = _r bqy, :=0.018" For swarms of bubbles
PCE D Sh
PL YPCEw
\0.1 16
3
b b 0.546| 9p8

)

3
DpcEw )
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Sh D :
PCE ~PCEw -5 m
P S

Need a holdup to determine the bubble specific surface area, since there is no real liquid velocity:

\'%
p=-E 6=5407x 10 *
A\
S
2
a2t a= 0481
d 3
. 51
ki a pCcE=kLpCE? kiy pcp=4649x 107"~
= & _ 0358
Cpep=DPATA| 4,7 Cpcg = 0357

This next section for liquids includes two more methods for comparison, a different Sh method and
using penetration theory.

Different Sh Method (Bennett and Myers 1962)

This uses a different Re based on bubble. The velocity ug, is the relative velocity between the liquid
and the gas, i.e., vg.

d.-u pL
Uy = v, Re, = P o~ Re,, = 1.251x 10°
Hp
1
3 2
@&B@E}: 2+ 0.6 SCPCE ‘Rep ShPCE: 205.44
Sh D
PCE ~PCE —
S
p

This is smaller. However, it is not an exact analog as the above is more akin to heat transfer
analogies of a fluid flowing past spheres. In any case, the previous value is more conservative.

Higbie Penetration Theory (Bird et al. 1960)

The contact time is the distance/terminal velocity:
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| PrcEw
ALRGE = 2
-0
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-5 m

S

The distance for contact is difficult to assign. Again, the previous kj is conservative.

Transients/C(t) X(1), and Y(1)

For the transients and the pressure relations when sparging (Note: a relation called the stripping factor
that is a non-equilibrium gas factor that applies at fairly low sparge rates).

At any time, t:

pi() )
(1) = kg g Ci(H) = —— -V
1
Pi_ o)
P o)+ Oy
” bj
i t — =
o(t) < og P
P pi() )
og = = kg a7 G(V) - '
P i
g kLa'V\
1[ P H1 a 1

d pi )
_C = kLl.a‘[Cl P

¢ .
w Cl)(t) - ws‘_l
Oy P
ky -V
La
Pi= v
Og La’
— +
P H;
ky ra-V
L
}\.1 = !
o kLi'a'V
— +
P H
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)
N \ _kLi.a.[l__l -t
4o aC|1—— C(t) = C;. - i)
ai‘_Li'a' i _H-) ith =%p¢
i

Example at 1.5 cfm with Cpp the initial concentration out of the data matrix (these relations, e.g.,
C;(t) and A are used in the model by input into EXCEL):

k \%
LaPCE VL .
ApCE = abe hoors = 16.8302200
PCE k V; PCE mol
Os |, “LaPCE'L
P Hpcg
C
PCE s
PPCE™= 1o MPCE ppcp=23:55x 10 ~atm
MWpcg
C
PCE PPCE\ _ 6 mol

Note how this differs from when using the solid in the driving force (below). Also, at high
sparge rate, A — 0, a standard assumption for many calculations and that when wg — 0, the
gas is at equilibrium with the liquid and there is no mass transfer (this can be seen by doing
this in the A equation and noting that k a increases with flow to a power less than one).

Add Mixer operation

At the point juncture of turning on the mixer, the concentrations start declining and the gas phase
increases. Note that the equilibrium concentration will exceed these prior to start of air. This is the
same model as before (Ashworth 2004a) but is derived below.

The figure below shows mass transfer from a solid sludge particle to a liquid (mainly water)
followed by the liquid to air bubbles. There are five liquid concentrations, two solid concentrations,
and two vapor concentrations. These are defined below:
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Xj
XiI

CiSV

CiIS
&
CiIV
CiVV

pil

Pi
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Bulk solid concentration, mg/kg
Interface solid concentration, mg/kg
Nonexistent (virtual) liquid concentration in solid, mg/L

Interface liquid concentration at solid, mg/L
Bulk liquid concentration, mg/L

Interface liquid concentration at bubble, mg/L
Nonexistent (virtual) liquid concentration in bubble, mg/L

Interface partial pressure, atm
Bulk partial pressure, atm

Equilibrium holds at the interfaces:

I Is
X; = kp'G p; = HG

Solid particle

Air bubble

Transfer relations (note heat transfer analogies):

N; = kS‘(Xi - Xil) = kL-(CiIS - Cilv) = kG-(piI - pi) (See Thibodeaux 1979 for similar)
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159
Ni g N N1
Oa——D Xl_Xi +k—L+E' pl _pl
Ky
1 1 1 1 1
=+ — + — or KL0a=

+—+—
kpkg  k  Hkg

For the heat transfer analogy that helps clarify the math in this, use heat transfer through a composite
wall:

2
a= h0'<T0 - Twlo) = X_1'<Twlo - Twli) = X_z‘(Twli_ Tw20> = hi‘(Tw20 - Ti)

U,, = The overall heat transfer coefficient is the reciprocal
1% 1 of the sum of the individual resistances.

To avoid virtual liquid concentrations in the useable transfer functions, would like the coefficient
based on the solid. This is done by using all solid concentration driving forces:

N; k
i I Is Iv D( 1
= (Xi - Xi) + kD(Ci -G ) + E‘(pi —pi)

oa

Ks
L_1 ' o _ 1
ey — =

+
kg kg Hkg

In these types of mass transfer, k¢ is normally assumed large enough to be ignored. The overall

coefficient is therefore a combination of solid and liquid coefficients. The mean solid size is
144 pm and it is assumed the void fraction is 0.5.
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1
1 . . . PR
Ksoa = Sh=2+ 0.72Re;, 253 For solids being mixed with liquids
1.
kg kg
kgagdy?
Sh = (Oldshue 1983, Harnby 1992) lim Sh =2
Diw d,—>0
p
2-Dyy 2-Dyy,
ke = ko-a =
S 2 S 2
ag-dg dg
K 1
Sa
1 i\ ,
Ps
kgapg kLa)

For the mass transfer from the solid to the gas across 2 interfaces:

kpyp;(0) )

Hj

(D(t) = Ksa(Xl — -M

Need to estimate the back partial pressure, p; to remove as a variable.

E _ o)

P o)+ Oy

. t Pj
if o(t) < og L O] o(t) = ws-—l
P oy P
Pi_ [« kppi ) "
Og 5 = B8a’| A~ '
P H
Og KSa‘M‘kD\
Pi| 5 TH = Kga Xy M
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pPi= = Ap X
g KSa'M'kD
— +
P H;
d le Al\\
— X = Kga'| Xj-
dt H;
K | Ai"le\
. . Sa Hi )
i) = Xjgre
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_ KSa'M
A= Ko.-M-k
Og Sa™"""*D
— + —
P H;
Akpy: )
d 1°Di1
_Xl = —Ksa. ){1 1-
dt H )

Mean particle diameter

dg = 144ur

The mass rate of Hg and PCB is desired for the flowsheet and at 40 cfm for regulatory purposes:

_ 2DHgcow
kSaHg = )
d
S
Kearpo: !
SaHg -~
s 1 KDHgCI2 )
+ " Py
ksaHgPs  KLaHgC12)
A ] KSaHg‘Mtk
HeCl2=
O | Ksang Mk kpHgCI2
P Hpecn
Xypo = DATA | =
g 11,5 kg
3 mol
=3218x 10~ —
*HgC12 ke

Saturation kpy (see Valsaraj 1995)

] kDHgClZ Rg' Tg
kDgat = H
HgCl12

1
Ksatg = 0083~

— 6 1
KSaHg =4.275x 10 g

kg-atm
AHgClZ = 0.0000T

1

XHeC2= XHe' Tre
s & MW e

5 L
k =2.679x 100 —
Dsat kg
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PHgCI12 = MHgCl2 XHgCL

In terms of mg/m3

PHgCI2
YHeC2™ & 1 MWHgcL
g e
A B KSaHg'Mtk
ANAGEI 3
so—
minRgp, . KsaHg Mk kpHgCI2
P Hyyecr2
PHgCI2
=t MWHgcL
g

XHeClI2 B pHgClZ\
kprgcz  Hugenz)

WHg = kLaHgClZ(

Then, dilute by the stack flow of 400 scfm:

] 40
YHgstk = YHgCI2 4,

For PCBs
_ 2DpcBw
kgapCB = -,
d
S
K : !
SaPCB~
1 kppcp )
+ " Py
ksaPCBPs  XsaPCB)

Vs MWpecr
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— 7
pHgC12 =2.936x% 10 atm

mg
m

RHgGIa~ AHgCI2 XHgCL

— 7

mg
m

—41b
Wiy, = 6.186x 10 "—
Hg hr

mg
YHgstk = 0-323—
1

—41
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N KsapcBMik
PCB=
O | KsapcBMikkppcB
P Hpcp
o mg
Xpepi=DATA || ¢ -
— 4 mol
PpCB = ApCB*PCE
In terms of ppmy,
PpCB
Yprp = ——
PCB™= "
B KsapcBMik
ARGR™ ;
s0—1
min Ry, . KsapcBMikkppcB
P Hpcp
. XpcB  kDPCEPPCB )
WpcB = KsapCB MWpep - Hpen My-MWp g
_ PpcB
RGBT T

Then, dilute by the stack flow of 400 scfm:

40
Y, = Ypog—
PCBstk = YPCB 7

ENGINEERING DESIGN FILE

kg-atm
A =0.00123———
PCB mol

pPCB =6.079x 10_ 7atm

RRGR= APCB *PCE
— 7
ppcg=0.07x 10~ atm

-31b
T

Ypcp = 0.714ppm,,

YPCBstk = 0.07lppmV

EDF-6376
Revision 0
Page 51 of 65
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The others are done in a similar fashion and put into EXCEL for multiple calculations.

2-D :
PCEw !
KSaPCE="", ksapcE= 01007
dS
| | - —41
1 DPCE °
+ P
ksapCEPs  KLaPCE)
. KsapcEMik kg-atm
& SaPCE "'tk *DPCE
P Hpcg
. mg : 1
— 3 mol
XpCp = 8.524% 10 e Xpp = 1415x 10° 8
kg
Saturation kp
o korcERgTy Kpeq = 419832
= sat = "
Hpcg ke
— 3
In terms of ppmy;:
PPCE >
YPCE:: P YPCE: 5.556x 10 ppm,,

Check assumption low mass transfer assumption:

OpCE —
PCE _ 177x 1073

Og

Indicating a good assumption

Check the mass transfer rate:



431.02 ENGINEERING DESIGN FILE EDF-6376
01/30/2003 Revision 0

Rev. 11 Page 53 of 65

XpcE  kDPCEPPCE )

4
M:: KS&PCE — OpCE= 1.755x 10 katal
MWpcg

Hpcg )

, Ib
WpCE = @pcEMWpcE wpcg= 0231
Check via initial slope:

. ApCEXDPCE ) Ib
"mi*= KsapcEXpcE| 1 = ‘M fmi = ~0-231—
PCE ) r
check via gas concentration
min
Q- Ypcg60— —MWpcE b
Rstar hr

Determine equilibrium values using 3-phase box model (note: these will not match actual values
provided in characterization):

The total mass of'1 is:

Relations

X; = kpi G p;= HG

Solving the three above for X;:

M;
= vV, V.. R..T
. R

kpj kp;H;

For Hg, the mass is:

Myy, := DATA

g 27, S‘kg MHg =3.01kg
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M
Hg mg
X = X = 542.062—
HgCI2* HgCl12 :
\ Vgas Ry Ty £ kg
Mg

+ +
kpHgcl2  *kpHgC2 HHgCI2

X
) HgCl12 mg
DHgCI2
~ CHgc2 " 7
= — "HHgCL _ _
MWhecy  © PHgCI2= 1:826% 107 atm
_ PHgc2MWhgcn2 ) ng
g P. YHgCIR= 2597
Rstar m
PHgCI2
YHgC2= Ygc1p = 0215ppm,,

The others are done similarly and are provided in the table below.

Equilibrium: 3-phase box model
My, ke | kg, L% | H, L-atmdmol | WA (X, moskg [, mogll | gy, atme | oy, moll [, ppm
PCE | 1.44 | 2910 16.9:5 166 395 14 [1.38E-03|1.21E+01 | 1629
TCA | 094 | 1457 16.9:5 1315 195 13 [169E-03|1.16E+01 | 1955
TCE |28.59] 10.38 10 1335 4122 397 |298E-02 | 2.08E+02 | 35002
HgClo | 3.01 (100000 011 27 BO5 0E1 | 253E-07 | 3B0E-03( 0.30
PCB | D56 | 208 63 0256 327 72 034 |270E-O7 |463E-03( 032

Add circulation

Mass transfer model for circulation and splashing

There are two modes including downward flow of liquid against air during recirculation and
creation of drops by dropping on liquid surface and splashing. Modifications of these are used
in entrainment discussed below. However, this is a mass transfer model(s). In the first case
there are drops with VOCs transferring to surrounding air at the sparge rate of air.

N; =k (C-Cy) or ;= k7 V(C- C,)
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The k a is related to drop size and flow. This model uses the penetration theory (Thib)

developed by Higbie in 1935. It is better than the simple film model and does not have the
problem with unknowns in the surface renewal model.

Sparge Air

Need the contact time, 0:

Do not know the flow, F, so use 100 gpm.

D, :=2in
gal T2
F,:=100— A :=—D
¢ min €4 C
Fe
Vo= — Z :=3ft Approximate
Ac
4
61::— 91:0294S
v

C

Mode 1, Circulation

It is not expected that there will be significant mass transfer for a falling column of liquid. Therefore,
model as a single stage, equilibrium transfer unit.

F~(XO - Xi) = ""(Yo - Yi) F; mass rate, gas; mole fractions, mole rates

Y, = f(X,)
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Po Hp
Y. = — Pn = X o—
0 o 0
o X, H oHy ) ©
Xo=—| ———-Y, +X - =Xi— =Y
F DA F kDA‘P) F

XpCE ®s  PpCE

(O] —
X. — —.Y.

TR ! _ MWpcg  Fopp P

X5 = —H Xy = " ‘MWpcr
O-HA . ©s 'PCE
FkpaP FokppcepL P
3 X5 . . .
X, = 1.415x 10 =1 so, it changes little and is not
XpCE used

Mode 2, Splashing

Using the correlations from the DOE Handbook (DOE 1994), and Ballinger (Ballinger 1993).

2.3
Pg 28

2
HL

Arch = Arch = 8.144x 106

The airborne release fraction (ARF) is:

1 6

ARF:=8.910 % Arch”> ARF = 5.628% 10

The bubble size is unknown. The DOE Handbook has 15.8um +/- 10.1:

Dg
Dp:=15.8ur g 2=7
4 3 — 12
VB = §~TE-I'B Vg = 2.065x% 10 L

So of the volume of the inlet, there are:

3

— 8 m

QB ::ARF~FC QB:3.551>< 10 ~ —
S
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The number of bubbles produced is:

Qp 71

ng=1.719x 10’ =

in-r 3 s
3 B

HB =

The individual bubble area is

Ap:= 4~n-rB2 Ap=7.843x 10 0
Average bubble velocity is:
mv = Z(mivi) by momentum balance
i
F F
pL~—C =ng0;vpp VB —— Vg vg = 9.764x 10>
AC nBG lAC S
The area for mass transfer is:
m2
AS = nBAB AS =0.013—
s
A
1
ag = — ag =3.797% 10" —
Qp m
Z
62::_ 62:9365X 1035
VB

—7 m

S

1
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k apcg=0.147— while this is large, it doesn't operate on a large mass

N

The initial maximum mass transfer rate is

‘ PpCEXDPCEMWpCE |
W=k apcEQRPL 02| XpCE~ "
PCE )
Ib
w=0027 = Qgpp:0, = 0.333kg
T

II1. Flowsheet and HVAC Balance

Using a flow of 450 scfm, and a VOC emission rate of 2 1b/hr, an approximate VOC concentration is

estimated:
3
Ib ft
T =2 — Q =450—
voc hr v min
voC Rstar
Yyoc= ———— Yy o= 160.204ppm
vocC Qy-MWpcp vocC v

Entrainment of Radionuclides

To find the loadings for radionuclides, an entrainment function is needed. There is quite a bit
of data available for entrainment of bubbling liquids from the DOE Handbook (DOE 1994)
shown in the plot below. The line for small vapor velocity (0.25 cm/s) was used as it has the
steepest slope and the data included it. This was also done for an earlier demister design
(Ashworth 2005).
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Figure 3-2. Entrainment Data Obtained at Small Gas Velocity

Y

>

(Borkowski, Bunz, and Schoeck May 1986)
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From their Figure 3-2 and using their definition of entrainment (i.e., vapor mass velocities, G):

Worse-case sparge, i.¢., this value will not be exceeded (due to HVAC balance):
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2
T Dtk

E=410 ¢

Gy =VgPy

Gape =BGy

G, = 0.032

delt =1.28x 10
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From intersection of Vg with Heger data in above plot

2 .
ft-min
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This is the flux or mass velocity of water drops, for the radionuclide flux, multiply by the

concentration, e.g.:

Gamma emitters 137Cs, 63Ni, and 60Co

Concentrations based on un-dissolved:

o
Cog=735100 2=
gm

Gcs = Ggplt Ces

The rate would be for 137Cs:
ICs = GCsf'Dtk2

Gni = Gplt ON;

The rate would be for 03Ni:

T 2
™Ni = Oni Pk

Geo = Gyplt Ceo

ci
Cnpi= 10 =2
gm
Ci
G = 0.427——
2 .
ft -min
nCi
I~ = 33.572—
Cs min
Ci
Gy = 0.058——
2 .
ft -min
nCi
: = 4.568—
Ni min
Ci
Geg = 0.023——

2 .
ft"-min

nCi
Cr, ., =397T—
Co em
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The rate would be for ©0Co:

e 2 nCi
1o = Goo—-D e, =1.813—
Co Co 4 tk Co min

In addition to this entrainment, there is splashing from recirculation. A correlation for falling
liquid is used for this (DOE 1994) and is correlated by the Archimedes number (Arch). It
depends on several vapor/liquid parameters including the spill height zg.

zy = 34in
p 2a] g
V4
Arch = —=— Arch = 6.861x 10° Q, = 10022
2 min
ML
The airborne release fraction (ARF) is:
ARF :=8.910" % Arch® Based on DOE handbook and recommended by one of the
principals, accurate to ~40% (Ballinger 1993, Ballinger

ARF =5.121x 10 ° 2005).

This should correspond closely to recent testing for a dynamic situation (PNNL 2004) if spill
heights are ratioed accordingly using the reference z's (e.g., (22/21)3).

Account for deposition of the mean particle. This is the same as the bubble diameter found
previously and guessing a particle density:

D,,=Dpg pp::1.4—

The settling velocity is (assuming the Cunningham-Stokes factor is 1):

2
~ PpDm &

Vset -~

Vger = 00112
18~ug S

The particles deposited are (Ballinger 1993):



431.02 ENGINEERING DESIGN FILE EDF-6376

01/30/2003 Revision 0
Rev. 11 Page 62 of 65
“Vset ) Note: the distance to the filter and spill
d:=1-exp d=0.98 . . . .
vg ) distance were equal in this equation

and therefore cancelled out.

Since 98% deposit, there is little splash entrainment.

The gas concentrations are then the emission rates/sparge rate and use 40 cfm for worse-case.

IV.  VOC Analyzer

A photoionization detector (PID) will be used in conjunction with a flowmeter to provide a
rate in 1b/hr of VOCs. The problem is that the analyzer is calibrated in terms of isobutylene
and needs correction to a mixture of gases. Humidity also requires a correction factor. The
PID comes with different lamp energies with higher energies being able to ionize VOCs with
higher ionization potentials. The schematic below shows the instrument arrangement
followed by a typical vendor web page that shows where the data comes from. The integrator
takes signals from the PID and flowmeter and multiplies them together and an external factor
determined below in a simplified version.

Diluted Sparge Air Pipe \

2000

:

PID MiniRAE '— ; '"@ Ibhr
)
]

http://www.raesystems.com/~raedocs/App Tech Notes/Tech Notes/TN-
106 _Correction_Factors.pdf

The 11.7 ¢V lamp can analyze all of the VOCs expected. However, it doesn't last long and
requires frequent calibration. Therefore, the 10.6 eV lamp will be used. The 10.6 eV lamp is
recommended by the vendor but it is limited in the number of VOC:s, especially TCA that has a
large impact on the mixture correction factor if it is in much larger quantities than expected.
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The table below provides the gases estimated from the recent operation determined from the
FTIR for all operations (Tyson 2005). This is an approximation of what will be seen in current
sparging efforts. Some corrections may be required using FTIR data to adjust mole fractions.

WOIC Farmula Total mal mol¥% | Renorm 106 e CF mol%A2F 11,7 ey CF* | mal%6aCF
Catbon Tetrachloride  |oey, 027 013% MR 17 0.00
Chloroform CHC 9.05 421% MR 35 0.01
Dichloromethane oy o) 003 004% NR 083 000
Chloromethane CHAC 411 191% NR 083 002
Perchloroethens Cal, 19.56 a08% | 1155% 057 0.20 031 0.29
Trichloroethene CHCl 14387  EERE1%  8499% 054 157 0.43 155
es-1,2-Dichloroethene | H.cl, 016 008% | 010% 08 0.00 078 0.00
Ll-Dichloroethene o ) oy 319 148% 189% 082 0.0z 0a 0.0z
Wiyl Chloride CHATI 249 116% | 1.47% 2 0.01 06 0.0z
1,1,1-Trichloroethare |~ gy ¢~y 2794 1297% MR 1 043
1.1-Dichloraethane 2 H o, 013 0.09% MR 06 0.00
l.2-Dichloroethane ¢ H CI, 4.30 2.00% MR 0.6 0.03
Chloroethane CHLC 0.10 0.05% MR 1.1 0.00
21534 100.00% Citmix 0.55 Citmix 053

T3.61% | 100.00%

*No value for chloromethane. Use NR for 10.6 ¢V and DCM for 11.7¢V. Only had 1 value at 10.6
for Cis-1,2-DCE went down by 0.02 to match 1,1-DCM. No value for 1,1-DCE, used NR 10.6, 0.6
11.7.

The individual correction factors (CFs) listed were provided by RAE systems (RAE 2005) as
shown in the table under the lamp power. The mixture CF was found using the individuals in the
table by:

CF, = — Where: y; = mol fraction and CF; = individual correction factor

mix n
D Ji
CF.
i=1 !

The mixture CFs are shown in the table for both lamps and are surprisingly close. The
method is to assign a mole rate as a basis, then calculate mass rates based on what is seen by
both lamps. This will provide an additional factor that will be used in the "exterior factor"
(note exterior factors are input into the integrator (shown as I/O in diagram) whereas the mix
CF x humidity CF is input into the PID). This is fG and is the mass rate by 11.7 eV/mass rate

by 10.6 eV. This factor will not change regardless of the actual mole rate for the mole
fractions in the table. Note that renorm in the table recalculates the mole fractions based on
what is seen by the 10.6 eV lamp. The following table is the result of this and provides an
exterior factor.
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Basis, molefhr 1
malefhr ppm rmalfhr ppm
CCly 1.26E-03 17
CHCly 4 21E-02 5549
CHsCly 3.99E-04 5
CHCI 1.91E-02 254 1.91E-02 254
CalCly 9.03E-02 1208 9.03E-0Z 1208
C3HCl, b.BRE-01 5084 B.BRE-01 o084
C3HzClz 7. BOE-04 1a 7. BOE-D4 1a
CqHzCly 1.48E-02 197 1.48E-02 197
CzHzCI 1.16E-02 154 1.16E-02 154
C3HzCl; 1.30E-01 1725
CaH4Cls 8.78E-04 12
CzH4Cl; 2.00E-02 265
C3HsCI 4. 83E-04 B
Total 1.00E-+HJO 13206 8.05E-M 10707
WY ave 131 WY ave 134
Reading on 11.7 &V 20072 Reading on 10.6 g% | 19359
gfhr by 11.7 7.B4E-03 gthr by 106 B.02E-03
Exterior Factaor 1.27
From the table, the exterior factor is: fG:=127

Humidity also requires correction. However, it is normally low and will keep at one unless
humidity is consistently high. The figure below provides the adjustment if the humidity increases
above that expected.

gm
Ci=1. CF,....:=0.5¢ MW =134—
H mix ave mol

The combined correction interior correction factor to input into the PID is:

C b:: CE

com mix

Cy Coomb = 0-55

This correction factor is entered into the MiniRae 2000 so that the output is in ppmy, of the
VOCs in the 10.6 eV columns, i.e., at a reading of 1000 as isobutylene (no CFs), it will be:

PCE:=0.551000ppmy,-0.1% PCE= 66ppm,,

TCE:=0.551000ppm,,-0.8¢ TCE = 467.5ppm,, ETC.
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However with the CF input into the PID, it would be:

PCE:=1000ppm,,-0.1Z PCE= 120ppm,,
TCE = 1000ppm,,-0.8: TCE = 850ppm,, ETC.

Humidity Correction Factors for
MiniRAE 2000

Multiply correction factor by reading to obtain actual concentration

1.8 ¢
. /)//"////

5 14 F /

S 12 — = |+ 10C/50F
c 1.0 W = 15C/59F
.% 08 | ~-—20C/68F
S 06 | ~+ 23C/73F
S04 - 26.7C/80F
O g2 | ——32.2C/90F

0.0 ° ‘ ‘ ‘ ‘
0 20 40 60 80 100

Percent RH

Integrated flow to obtain Ib VOC/hr after CF o entered. This factor (f]) is input into the
integrator (as a multiplying operator):

Ypip QMW A vE
Rstar

yoC= = YPID(PPmV)'Q(SCfm)'fI

The exterior factor to enter into the integrator is:

MW

‘ b
fi= 60— f = 2.847x 107 > L2
L . hr
359——.10
Ibmol

Note: MathCad calculations will not have 100 for fj.
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